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By E. P. Warner.

The use of static testing, or, as it is more commonly called,
sand loading, has been very much extended d';zring ths war, and some
countries now reguire a sand load of every nsw type of machine before
accepting it for gensral use by their air services. A static test
admittedly cannot replace a siress analysis, especlally if, as is
usually the case, sand loading is only %o be carried out for one con-
dition, but 3t is useful as a chack and as 2 means of detecting
faulty workmanship and unsuspectsd weaknesses in fittings and other
small parts not readily susceptible of amalysis. The sand load
should be considered, therecfore, as a check to bs applied only af-
ter the stress analysis has bsen carried through with all possible
refinement of method, and not at all as a substitute fér the calcu=-
lations or as an excuse for shirking them.

Static tests fall into two groups, the first of which is
_ designed to load all the members of the structurs approximately in
accordance with the worst loads which they carry in flight, while
the second is dirscted to the testing of certain specific members
which are suspected of weaknsss and which are difficult to anaiyze
mathematically. The nature of the loading iz the second type is
different for avery different test, but the purpose'of the first is
clsarly enough definsd to permit of ths adoption of some standard
sot of loading specifications, at least for airplanes of mormal de-
sign. In the pages which follow, an attempt is made to carry
thraough an analysis lesding to such a standard, the goal being the

determination of a load which will simultansously impose on every
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mamber of the airplane stmictuwre & stress equal to the worst that it
ever carries in flight. I%{ is manifestly impossible literally te attain
this object, as the conditions encountsred in the air ars various
enough to causs-reversals of stress in many wembers, particularly in ¢
the front 1ift truss, and it is obvious that no single sand load,:
however ingeniously devised, can set up tensile and compressive

stresses in the same member at thse same time. However, some approxi-

mation tc the worst loads in most of thse msmbars can be secw:ed.

TESTING OF CELLULES.

For a normal test, the airplans is inverted, the fuselage
being supported at points closs znough to the points of attackhmend
of the wing hinges to insure ag-a,inst any risk of failure of the fus~
elage. The load is aéplied. by means of quilted bags filled with
dry sand, and is supported by jacks at eacﬁ panel point during the
application of each increment of load, in order that there may be
no local stresses set up by application of a load to ome part of
the wings befors the corresponiing loads are appliesd elsewhsre. Af-
ter the application of each incremsnt of load the vertical defleo-
tion should be measured at every point of support and half-way be-~
tween each two points of support along each spar. 4ths deflection
should also be mepsured at corresponding points z2long each treiling
edge and at points midway betwoen the spars as an index of the
chenge of form of the sectiom. At the wing-tips the horizontal de-
flection should bs measured, as well as the vertical. Tests are
sometimes made with the celilule right-side-up, representing the con-
dition of upside-down flight, but these are less frequent and lsss

important ‘than thoss for the normal condition.



DISTRIBUTION OF I0AD ALONG THE CHORD.

_ It is noacessary to adopt some arbitrary convention for
$his distribution; first because it would be impossible to distrib-
ute the load to exactly duplicate the rather irregular pressurs dis-
tribution on the wings at any given anzle, and secondly bscause an
airplane has to contend with an almost infinite wariety of condi-
tions, each of which corresponds to a differeant dlistribution of air

load. _

The idesl method would bo te do as the British have dons
with a series of Thomas biplanas, testing o pumber of identical
'machinas undaxr different conditions of loading. ©One, for example,
could be tested with the center of gravity of ths load far back,

- corresponding to high-speed conditions, ona with the .c.g. in its
farthest forward position, asi still another with the longitudinal
‘axis veri‘;ical, representing the conditions in a vertical dive where
there is no 1ift and a large part of the weight of the airplane is
balanced by the drag of ths wings. Since it is nﬁdesirgble and ns-
vz2lly gquite impracticabla to break up more than one airplane of a
gijer;type. some other solubion has to be adopted as a compromise
between counsels of psrfactiion a.nd. those of expedisncy.

The customary method has been to merk the wing cherd off
into two or three sections and to assume the unit loading to be uni-
- form within 2ach of tacse seoctions, the unit loadings in the sev-
eral sections being so proportionsd that the center of gravity of
tho load is from .35 to .4 of the chord back of the leading edgs.
An attempt will ba made hera, as already noted, to build up from

fundamental data a method of sand-loading which will correspond as
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nearly as possible to =211 of the worst conditions experienced in
flight. During the derivation and slsboration of that method ths.
present pra.cticé will be enbirely disrsgarded, in order that there
way bs an indepénd.ent check on the empiricel rules for loading
which were devised by the .F:rench techuical authorities and which
are now gZeonsrally used in Arerica.

Ths two worst load conditionms to which a cellulé is sub~-
mitted ars:

{2) the case of coming out of a dive or performing any
violent maenosuvre in which the angle of attaca passes close to the
angle of maximum 1lift coefficiert while the speed still rema.iﬁs in
the neighborhood of the limiting speed in a vertical dive. Under
this condition the resultant forcs on the complete cellule is usu-~
ally inclined slightly forward of the perpendicular to the wing
chord, ard ths load on the drag truss is tk;erefore negative unless
there is a large amount of stagger.

{b) the case of a vertical, or mearly vertical, divs at
limiting speed. 1In this instailc'e the weight of the airplans is
completely balanced by its drag, the propeller thrust being inef-
foctive at such high speed. In most airplanss, the wing drag and
the parasite resistance of the intarplane bracing make up from 50%
to 65% of the total resistance at the angle of zero lift. The fig-
ure will be taken as 60% in this analysis. Sincs ths angle of. zero
1ift does nct coincide with that of zero wing moment there is a con~
siderable diving moment on ths wings during a vsrtical descent.
This is balanced by a downward forcs on the tail, and gives rise to
an upward load on ths rear wing truss, a dowrnward load on the front

[e2 =20
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As a first step, it is necsessary that some estimate be mads
of the meximum stresses which the airplane will be required to under-
go in flight under the two critical conditions just described. Any
load in excess of the figures thus dstermined which is. sustained on
sand-load can then be considered as a material factor, or true fac-
tor of safety. In (a) the maximum loading .can be determined by
measuring the normal accelerations in flight. A large number of
tests on pursuit planss, made at the Royal Aircraft Establisbment
have falled to show any accelsrations in excess of 4.2 g, and it
nay fairly be assumed that thié valos would mot be exceeded in any
manoceuvres 1ikely to bel carried out by the ordinary pilot, al-
though the theoratical limit of ths dynamic load factor when ths
elevator is pulled up hard very suddenly is much higher than 4.2,
ranging from 7 to 13 in different machines and by different methods
of computation. The center of pressure is elﬁse to ita farthest
forward position et the instant when the dynamic load attains its
maximun valus, the angls of attack then being close to the burble
point, and this position may be taken as .3 of the chord from the
leading edge, this being ths mean figure for a mumber of commonly
used wings. Ths front 1ift truss thersfors carries the larger
part of the lift load. The vector of resultant force may be con-
sidered to be inclined 2° forward of the perpendicular to the chord
of the wings. The comporent of load in the plane of the wings is
thea directed forward, and is carrisd by the anti-drag wires, un-
less there is mors than 2° positive stagger. Since most airplanes
built at the present time have some positive stagger, ths for-

ward thrust on the wings at large angles nsed seldom occasion any
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concern. Ths only condition under which thers is a forward thrupst
on a wing in a machine with 20% positive stagzer, and 1t is then
dus to the forward comporsnts of tha stagger wire tensions which
distribute ths vertical loads between the iwo 1ift trusses, and ap-
pears only in the upger wing.

In 3 dive at limiting vglocity the drag acting directly on
the wing truss may, as already noted, be taken as 60% of the weight
of the airplams, this 60% being distriduted approximately equally
between ths drag of tha wings themselves and the parasite I;BSiSt-
ance of ths interplané bracing. Theses figures apply only to bi-
planes and triplanes in which the interplane bracing is of normal
type, and they should be materially modified for machines in which
thers is little or no extarmal bracing cf the cellules and also
for those in whichk there is a multiplicity of bodies or nacelles.

The moment mefficignt of a biplans, referrad to the
leading edge of the mean chord, may bs taken as .03 (in absolute
units) at ths angle whore there is ng normal force on the combina-
tion, this value of the coefficisnt seldom bsing exceeded mndsr ths
conditions spascified. Ths drag cosfficient for this angle was sim-
ilarly found to be .02. Since, as noted above, the wing drag is
about one~third of tke total drag, the ooéfficient of total drag
may be taken a5 .06. The equation of moticn along ths longitudinal
axis of the airplans and the equation for moments about the front
spar of each wing (assuning the moment coefficlznts to bs the same
for the upper and lower wings) may then be writien:

PDLAVE - W= .06 x .0023BAVZ = .000144V2

M =M, x CxPAV2 = .030 x .00238A¥2 = .000070AVS



where D} is the drag coefficient for the airplane as a whole, 4
the total area of supporting surface, V the limiting speed of dive,

C the chord of the wings, and W the weight of the airplams.
Solving for AVR from the first of these equations and substituting

the valus thus obtained in the second,

2. W oy, 00007 cCcxw=.50W
= 700014 .00014

This is the equation for moment about the leading edge, but, since
there is no normal force, the moments about all points lying in
the chord of the wing will be sgual, and the equation just given
can equally well be taken as‘representing the moment about the
front spar. If this is done the loads and reactlions in the front
truss will have no effect on the moment about this axis, and the
total moment can be aquated to the product of the totel load car-
ried by the rear trués by the djistance between the spars. If b be
taken as representing the distance between spars and F is the to-
tal load in ths rear 1ift truss

F-.5Wx %
Since there is no resultant normal force on ths wing celluls ex-
cept the very small one (about .16W) required to counterbalunce
the down load on the tail the dowmvar& load on thé front trusls is
nearly egual in magnituds to the upward load just found for the
rear system.

The maximum upward load on the rear 1lift truss may not
ooccur exactly at the angle of zero normal force, bub it is usvally
very close to it. It can readily bs shown that, if a vector dia-
gram be plotted for the calluls alene, if g line be drawa con-
necting the front spars in ths two wings, and if a point bo found
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on that line which divides, it into segments whose lengths vary in-
versely as the areas of ths wings to which they are adjacent, the
force in the rear truse is greatest, assuming the speed always to
be that of steady motion, for that angle whose vector is at the
greatest perpendicular distance from the point so found. This con-
ditlon is generally satiafied by an angle about one-half degree
El.a.rger than that of zero normal force, but the diffesrence between
the maximumn load and that found by the formula already given for
the angle of zero norm.al force is only a few percent — not enocugh
to take into account. If, on the otoer 'ha.nd, the speed remains
constant, the maximu force in the rear truss would be found at an
angle near ths burble point.

In actual fact, the speed neither remains constant nor
does it vary in such & manner as always to correspond to the speed
of steady flight. As the angle of attack increases in flattening
out of a dive the speed falls off, slowly at first and then, as the
dreg coefficient rums up with incfea’sing angle, more and more
rapidly. For exszmpls, a theoretical analysis, made by the Airplane
Engineering Department, U.S.A., of the motion of & JN in flatten-
ing out showed that the spesd decreased only from 179.85 f£4. per
ssc., to 179.89 while the aengle of attack rose from -3° to +3°.
A further increase of angle to 9° was accompanied by a drop of
speed to 179.00, and, by the time the angle reached 15°, ths spesd
had fallen to 174,2 ft. per se¢. The actual changss in speed would
undoubtedly be more rapid than this, the assumptions on which the
computation was based beiz_ng quite different from the conditions

which normally exist in flight, but the proportional variation of



the rate of change of velocity is probably substantially corresct.
Ths worst load in the rear truss therefore comes shortly after the
flattening oui begins, when thers has besn a distinet change of
angle from the diving attitude but very little drop of spead, It
would not ba easy to compute the magnitude of the maximum force in
tha rear truss or the angle at which it occcurs, and an epproximate
allowance must be made.

Since the spars are usually separated by about 55 percent
of the chord length the maximun load carried by ths rear trus§
during & vertical dive is approximately squal to .9W, where W is
the total weight of the airplans, in most types. For the reasons
stated in the preceding paragraph it is best to allow as an abso-
lute paximum that the 1lift load in ths rear truse may rise to two
and a half times that given by the formula, but any such riss will
bs accompanied by a reduction in the load in the drag truss. The
latter will never sxcsed the valus which it has in the limiting
verbical dive, and whick has besen taken as ,6W. This figure is

still further reduced by the fact that the weight of the wing truss
acts in dirsct opposition to ths dreg when diving. Taking the
waight of ths cellule as 15% of .the total ﬁeight of the mé.chine‘,
the net longitudinal force is reduced to .45W.

With the normal spacing of the spars (front spar at about
.12, rear one at about .65, of the chord from the leading edge)
the front 1ift truss will carry 66% of the total load when the c.p.
is .3 of the way back on the dhofd. If the maximum total leoad in
that condition is 4.2W the load on the front truss will be 2.8W.

To get the met loads in the lift trusses must be reduced by 15% to

allow for tha weight of ths celluls.



Summarizing, then, the meximun net loads to be encount-
ered are:
2.4 W in the front truss.
2.2W in the rear lift truss.
0.45W in the drag truss (plus any loads which result
from the inclination of the 1lift bracing in a
staggered machims)}. 0.45 is strictly corvect
oniy for an orthogonal celluls.

If a single sand-load test is to be mads -the load should
be s¢ distributed that a2ll three of these truss systems will reach
their meximum normsl loads at the sams time, and any additional
load which the structure carrigs after reaching this point is 2
trus margin of protection in all the trusses against deterioration,
non-homogensity, or initially infesrior quality of some of the mem-
bers entering into the structure or of the mauner of their assem-
bly. The imposition of the maximum lead in all trusses at the same
time is a very severe test, as the.actual tendency, when ons sys-
tem of trussing is heavily stressed and enothar is not, is for part
of the load %o be transferred from ths heavily to the lightly
loaded portions of tha structure throuvgh the stagger wires and
othar sscondary bracing members. it is, howsver, ths begt that can
be dons if only a single test is to be made, and it is better thet
the conditions of a sand-loced test should err on-the side of sever-
ity rather than on that of leniency. The only other serious error
which arisss from this gttempt to combins all loads on a single
test lies in the combination of a load in the drag truss with the
maximum force on the front lift membars, a combination which never

occurs in practisea. The result is that the stresses imposed on

the lower front spar ars greater, those on the uppsr front spar less,



than they should be, but this is a fanlt which is inherent in the very
nature of a sand-load test and which cannot be entirely avoided.
The most that can be dons is to bear in mind the nature of the er-
ror and to be particularly watchful for any signs of ylelding of
the upper front spar, since any weakmness which that member may man-
ifest in the sand-load test will be accentuated in flight. A tear-
ing out of the lowser ffront wing hinge at slightly less than the de-
sired load factor mey, on the other hand, be regarded with some
leniency, as the force at that point duriﬁg the sand load is greater
than it ever would be in flight.

Having decided what combination of loads is to bs simul-

taneously imposed on the various trusses, it remains only to de-

termine in detail the distribution of the sand along the chord to
accomplish the desired end.

If the spars are assumed, as befere, to be at .12 and .65
of the chord, the center of gravisy of the épplied loa2d must lis
at .37 of the chord from ths leading edze. This position of the
center of gravity is given by the load distribution showa in Fig. 1,
a distribution approximating the mean pressure distribution over

the wings.
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) is'a factor determined to give the correct total load per running
foot.
So far, the load distribution to which this reasoning

leads is closely similar to that which has bean most commonly wused.
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It is necessary to consider mext the angle at which the cellnlé must
be inclined during the test in order that the maximum load speci-
fied for the drag truss may occur at the samo time as the mexima
in the 1lift trusses.

Ths total net load to be applisd to the lift trusses is
4.6 W, assuming that the celluls weight is 15% of the total weight,
while that in the dreg truss, neglecting the effecbs of staggsr
on the drag bracing, is 0.45 W. The cellule should tha:;efore [-1:]
inelined at an angle whoss tangent is 0.45. This angle is 5%6.
This is materislly less than that sanctionsd by present practise,
which usua‘lly, almost universally, embodies an angle of 15°, The
choice olf 15° is based on the assumption of an L/D of 3.8 for the
cellule at the angle of maximan horizontal speed. The assumption
is substantially correct, but the ccnclusion- as t0 the necessary
inclination is false, as it must be remembered that, while the
drag load in horizontal £light at meximum spesd is very nsar to
the maximum which can ever be sncountered, the 1ift load on both
£ront and rear trusses can bs very much increased over the value
then experienced. In faci, a8 bas already been pointed out, if the
Pilot could flatten out of & dive so abruptly that the limiting
velocity was maintained undiminishad while the whole range of angles
of incidence was coverad the maximum loads on the front and rear
1ift trusses would occur almost simultancously and very nearly at
ths angle of attack giving the maximum lift coefficient. It is rec-
emmended, in view of the results of this andlysis, that all cell-
ules be set up for testing with the wean wing chord at an angls of §°

to the horizontal, the trailing edges of the wings bsing lowsr
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than the lesading edges. In machines which ars entirsly internzlly
braced this angle may. be reduced to 4°, as the drag of the wing assem-
bly in such a case is a smaller proportion of the total drag than
when there is interplane bracing.

In applying the sand, deduction has to be made to allow
for the fact that the lift of the wings in flight is partially
balanced directly by the weight of the celluls, and that the "“appar-
ant weight®™ of the cellule increasses, in general, ab just 4hs samo
rate as does the lift, Yhen the dymamic load is 4.2 W ths cellule
will be pressed downward with a foree equal to 4.2 times its own
weight, and this loed will always be distributed between the spars
in the sams proéortion, whatever ma y be the angle of attack. The
assumption has thus far been mads that the cellule weight is 15%
of the total, but this assumption should bs abandonsd and the ac-
tual weight of the cellule bs taken into account in computing the
amount of sand to be used . Since g sand load of 5.4 W, distrib-
uted in the manner which has been specified, has the same effect
on ths front truss as has s dynamic 1ift load of 4.4 W at 2 large
angle of incidence, the sffect of the dynamic lead on the cellvie
‘itself can be simulated by reducing the applied sand lead by ths
amount 4.2 W', whers W' is the weight qf the cellule. This method
rests on ths assumption, whichk always approximates closely to ths
truth, that the C.G. of the cellule is at the same distance back
from the leading edge (37%) as is the C.G. of the sand load.

Since gﬁg equals 1,39, the formula for the amount of sand to be
added to give loads in all trusses which will ba equal to these

corrasponding to a dynamic factor of ons is:
WS : 1.29W - W'
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whars Wy is ths total weight of sand used. In epplying the first
load e further reduction of W' is made in the amount of sand, 4ince
tha inverted cellule itsslf throws a load on the 1lift bracing.
These figures, as already noted, apply primarily to fast manoeuvsr-
able single-seaters.

" In general, the procedure in deciding on the amount ;:f
load which an airplans of any particular type must carry on static
test is, first to decide on ths maximum dynsmic load which the ma-
chins is likely to be called on to withstand, taking dus account
of tha probtable uses and conditions of operation, whether or not
stunting will be necessary, etc., then to increase this by a proper
factor of safaty, material facter, or depreclation factor, the mag-
nitude of which depends on tke nature of the structure and the con-
ditions under which it is likely to be used, and finally to apply
the formula given above t¢ {ind the actual welght of sand which
must be used.

DISTRIBUTION OF LOAD ALONG THE SPAN.

Tha method which has sometimes heen used, of carrying ths
full load out to near th2 tips of the wings and then removing the
load entirely from the tips, is unsatisfactory in that it reducss
the banding momeonts in the overhanging portions of ths spars be-
low their proper valuss, although ths shears at ths last panel
point are probably approximately correct. If, on the other hand,
the load is adjusted to make the bending moments right the shears aré
wrong. It is more accurate to maks a moderate reduction of the
load at some distance from the wing~-tips. It is recommended,

in visw of experiments which the British have conducted on the

A}
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pressure distr'ibution over the wings of models, that the unit load-
ing in each portion of the chord should be reducad by one-third on
e portion of each wing exterding one-half chord length in from ths
- extreme tip.
DISTRIBUTION OF LOAD EETWEEN SUEII;POSED
* SUHFACES.

In biplanes, ths unit loading on the lower wing (lower in
normal flight, upper when in position for sand-loading) should be
80% of that on the upper. In triplanes, the wnit loading on the
lowsr wing should be 80% of that on the vpper, that on the middle
wing should be 75% of that on the upper. These ratios are based
on the experiments carried out at Mass. Inst. Tech., by Comdr.
Bunsaker, and on some mors recent work at the Nationel Physical
Laboratory (R.& M. 196, T.1127), and ars the mean ratios of the 1ift

coefficients of the several wings &t the angle of maximum 1ift.

ADLLOWANCE FOR AITERON LOADS.

In order to a.l_low for the effect of thes use of ailerons
when manceuvering the mean loading on the ailerons and, on the por-
tions of the wings immediately in front of them, clear to the lsad-
ing edge, should be 20% greater than it would be if the ailerons
were not there. The slleron effect at high angles is more than
this when coming out of vertical banks, but this need not be taken
into account, as ths alleron lcad falls almost entirsly on the rear
truss, and the rear truss is worst strassed during very stesp dives,

when sileron movements and loads would be small.
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TREATSENT: OF PAPERED WINGS.

Each element of a tapered wing should be treated as if the
wing had a constant chord equal to the chord at that elemeht. That
is the wing should be divided into strips by lines which are every-
whers a distance from the leading edge equé.l to a certain fixed
proportion (.35, .60, etc.) of the chord at that point. In making
the reduction of load for one~half chord length at the tips ths
chord length should bs taken as that at the irmer end of t:he strip
on which the loading is reduced. The arsa of reduced 1oadiing should
therefors be trapezoidal in form if the wing-tips are 3qua:,re, and
should have an altitude equal to half the length of its lo':nger base.

TREATMENT OF MULTILENGINED MACHINES OR THOSE WITH
NORE THAN ONE FUSELAGE OR NACELIE.

Wherever there is a concenitrated weight outside the fuse-
lage, as at an engine nacelle, an upward load, proportional in mag-
nitude to the product of this concentrated weight by the load fac-
tor, must be applied by passing a rope from the point of applica-
tion of the concentrated load up over a pulley and attaching weights
at the end of the rope. These weights must, of coursse, be in-
creased by a properly proporticned increment as each new load is
added on the wings. The alternative method sometimes used, of sup-
porting o twin-engined machine at the two nacelles and applying an
upward load by a rope attached to the center fuselage is not corresct,
as the nacslles, standing by themselves, must have all loads ap-
plied at their centers of gravity. The resultant force on the fus-
elage, on the other hand, may come whersver the supperting reac-

tions bring it, as any torsional moment applied to the fuselage by
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the wings while in flight i.s. rasisted by the tail attached to the fus~
elage. If ths machine bas thrge fuselages, or two fussleges ard a
nacelle, with the tail carried by the outer two, thess outer two
should be rigidly supported duvring ths sand-load test and ths up-
ward force applied %0 tha central ons.

The load applied at the points of.concentrated weight
should not act vertically, but should ba inclined to allow for the
longitudinal force acting on the nacellss or fuselasges. Iz ths cass
of nacelles which cerry engines, the direction of this longitudinal
force is always the same as ths direction of flight, When flying
horizontally the propeller thrust furnishes the forward componsnt.
During o divs, this component is provided by the weizht of the na-
calle and its contents, the weight always being greater than the
drag. Theo resistancs of a typical engine nmacelle at limiting speed
is very nearly 30% of the weight of the nacells and power plant, €o
that the residvary longitudinal forcos is 70% of that weight. Since
the meximur normal force to which tha nacelle may bes supposed to be
subje cted .1s 4.2 timses its own weight, the rope through which the
apward load is applied when making a static test should be inclined
forward of the perpendicular to the chord by an angls which has the
tangent %—% . This angle je 995. Since the chord is inclined 8°,
the rope shouid lead upward and forward at an angle of 395 from the
center of gravity of the nacelle.

As in ths case of the weight of the cellule proper, the up-
ward load epplied to allow for tha dynamic load on the nacelles
should be only 80% of ths actual product of their weight by the dy-
namic load factor, since that factor is increased 25% to allow for

the abnomally even distribution of ths load.



